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ABSTRACT
BIOSYNTHESIS OF HIGH VALUE-ADDED CAROTENOIDS
BY ENGINEERED MICROORGANISMS

Nuriye Arslansoy
MSc. in Bioengineering
Advisor: Asst. Prof. Ozkan Fidan
August 2024

Carotenoids are pigment molecules that play an important role in coloring plants, algae,
and other organisms. These molecules exhibit various biological activities such as
anticancer, antiviral and antioxidant activities. They have a huge market size and are
mainly used in the food, feed, and cosmetic industries. The current supply chain for
carotenoids is mostly relied on the extraction from plants and/or chemical synthesis for
certain carotenoids. However, these strategies have various bottlenecks and
disadvantages such as being affected by climate change, more difficult and costly
extraction processes, and environmental issues. These can be overcome with microbial
biosynthesis, which not only addresses the previous problems but also provides
advantages of producing in a short time and scale-up for industrial production. In this
research, we aimed to biosynthesize the high value-added carotenoids by engineered
microorganisms. The genome of a native producer of zeaxanthin diglucoside, identified
as endophytic Pseudomonas sp. 102515, was first edited by CRISPR-Cas9 to knock out
zeaxanthin glucosyltransferase (CrtX), lycopene B-cyclase (CrtY) and beta-carotene
hydroxylase (CrtZ). This led to AcrtX, AcrtY and AcrtZ mutant strains of Pseudomonas
sp. 102515. On the other hand, overexpression plasmids carrying crtW, CaZEP and
CaZEP-CaCCSmao genes were constructed and transformed to AcrtX mutant to synthesize
astaxanthin, violaxanthin and capsanthin/capsorubin. HPLC analysis of extracts from
mutant strains and overexpression strains revealed that all the engineered strains produced
the corresponding carotenoids such as zeaxanthin, 3-carotene, and lycopene. Thus, this
study paved the way for the biosynthesis of valuable carotenoids in the engineered

endophytic bacteria.

Keywords: Carotenoids, Biosynthesis, Pseudomonas, Genetic Engineering, CRISPR-
Cas9



OZET
TASARLANMIS MIKROORGANIZMALAR ILE KATMA
DEGERI YUKSEK KAROTENOIDLERIN BIYOSENTEZI

Nuriye Arslansoy
Biyomiihendislik Anabilim Dal1 Yiiksek Lisans
Tez Yoneticisi: Dr. Ogr. Uyesi Ozkan Fidan
Agustos 2024

Karotenoidler, bitkiler, algler ve diger organizmalar1 renklendirmede 6nemli rol oynayan
pigment molekiilleridir. Bu molekiiller, antikanser, antiviral ve antioksidan aktiviteler
gibi gesitli biyolojik aktiviteler sergiler. Biiyiik bir market biiyiikliigline sahiptirler ve
agirliklt olarak gida, yem ve kozmetik endiistrilerinde kullanilirlar. Karotenoidlerin
mevcut tedarik zinciri, cogunlukla bitkilerden ekstraksiyon ve/veya belirli karotenoidler
icin kimyasal senteze dayanir. Ancak, bu stratejiler iklim degisikliginden etkilenme, daha
zor ve maliyetli ekstraksiyon siirecleri ve ¢evresel sorunlar gibi cesitli kisitlamalar ve
dezavantajlara sahiptir. Mikrobiyal biyosentez bu sorunlari asmak ve ayn1 zamanda kisa
siirede, endiistriyel 6lcekte iiretim i¢in avantajlar saglayan etkili bir yontemdir. Bu
arastirmada, genetik olarak tasarlanmis mikroorganizmalar kullanarak yiiksek katma
degerli karotenoidleri biyosentezle iiretmeyi amacladik. Dogal bir zeaksantin diglukozit
tireticisi olarak kesfedilmis endofitik Pseudomonas sp. 102515'in genomu, CRISPR-Cas9
ile diizenlenerek zeaksantin glukoziltransferaz (CrtX), likopen B-siklaz (CrtY) ve f-
karoten hidroksilaz (CrtZ) genleri nakavt edildi. Pseudomonas sp. 102515'in AcrtX, AcrtY
ve AcrtZ mutant suslar1 elde edildi. Diger yandan, crtW, CaZEP ve CaZEP-CaCCSmao
genlerini tagtyan asir1 ekspresyon plazmidleri olusturuldu ve AcrtX mutantina astaksantin,
violaksantin ve kapsantin/kapsorubin sentezlemek fiizere transforme edildi. Mutant
suslardan ve asir1 ekspresyon suslarindan elde edilen ekstraktlarin HPLC analizi, genetik
olarak tasarlanmis suslarin zeaksantin, B-karoten ve likopen gibi ilgili karotenoidi
rettigini ortaya koydu. Boylece, bu calisma, genetik miihendislik ile endofitik

bakterilerde degerli karotenoidlerin biyosentezi i¢in bir yol agti.

Anahtar kelimeler: Karotenoidler, Biyosentez, Pseudomonas, Genetik Miihendisligi,
CRISPR-Cas9
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Chapter 1

Introduction

Carotenoids are a natural group of lipid-soluble pigments [1]. They consist of
polyunsaturated isoprene units (C5H8) and have 30-50 carbons in their structure with
conjugated double bonds [2]. These conjugated double bonds provide the color formation
in carotenoid molecules [3]. The most naturally abundant carotenoids are C40 carotenoids
and the functional groups at the end of the chain diversify the carotenoids, leading to the
formation of more than 750 carotenoid molecules [2,3]. Depending on oxygen presence,
carotenoids are divided into two groups: carotenes consisting of only carbon and
hydrogen, and xanthophylls containing oxygen in their structures [3]. Carotenoids are
mainly biosynthesized in photosynthetic organisms such as plants, algae, some bacteria,
and fungi species [3]. However, animals and humans cannot synthesize carotenoids, thus

they must obtain them from dietary sources [4].

Carotenoids play a significant role in photosynthesis due to two main functions: as
photoprotective agents and as light harvesting pigments [5]. In addition, carotenoids have
exhibited various biological activities such as antioxidant, anticancer, anti-atherosclerotic
properties [6]. Also, it was shown that increased carotenoid consumption was correlated
with a lower risk of chronic diseases [4]. Another important aspect of carotenoids is their
role as provitamin A. Vitamin A is involved in various processes, including vision,
reproduction, cell differentiation and proliferation, and immunity. Vitamin A deficiency
can cause several symptoms, such as xerophthalmia, increased susceptibility to severe
infections, increased mortality, and detrimental effects on growth and fetal development
[7]. B-carotene, a-carotene and B-cryptoxanthin exhibit provitamin-A activity and thus,
are useful to combat with vitamin A deficiency [7]. Apart from all these health benefits,
a study revealed that long term supplementation of -carotene has increased the cognitive
abilities of the men subjects [8]. Overall, carotenoids play a significant role in human

health due to their biological activities.



1.1 Biosynthesis of Carotenoids

Carotenoids are mainly found in photosynthetic organisms and synthesized from
plastids [9]. The most abundant carotenoids are the C40 carotenoids, and their
biosynthesis starts from 5-carbon isoprenoid units as isopentenyl diphosphate (IPP) and
dimethylallyl diphosphate (DMAPP) [9]. These two precursors are synthesized from one
of the two non-homologous pathways: the mevalonate (MVVA) pathway and the 2-C-
methyl-p-erythritol 4-phosphate (MEP) pathway [2,10]. In the first step of MVA
pathway, three acetyl-CoA molecules are condensed to yield 3-hydroxy-3-
methylglutaryl-CoA (HMG-CoA), which is subsequently reduced to MVA via the
catalysis of HMG-CoA reductase. The phosphorylation of MVA twice and subsequent
decarboxylation result in the formation of IPP, and through the catalysis of IPP isomerase,
IPP is converted to DMAPP. On the other hand, the starting point of MEP pathway is the
synthesis of 1-deoxy-p-xylulose 5-phosphate (DXP) from pyruvate and b-
glyceraldehyde-3-phosphate (G3P) by head-to-head condensation of these two
molecules, catalyzed via DXP synthase. Intramolecular rearrangement of DXP results in
formation of 2-C-methyl-p-erythritol (ME) and the subsequent reduction of ME generates
MEP. Finally, MEP is converted to IPP and DMAPP via four intermediates [11].

The complete biosynthesis of certain carotenoids is shown in Figure 1.1 . The two
precursors, IPP and DMAPP, first form the C10 molecule geranyl pyrophosphate (GPP)
via head-to-tail condensation. GPP and IPP condensed together to yield C15 molecule
farnesyl pyrophosphate (FPP). The further addition of one more IPP molecule to FPP
results in the formation of C20 intermediate precursor geranylgeranyl pyrophosphate
(GGPP). The head-to-head condensation of two GGPP molecules leads to prephytoene
diphosphate (PPPP), which forms phytoene via the removal of the diphosphate group and
stereospecific proton abstraction. Phytoene is a colorless molecule with three conjugated
double bonds and provides the C40 skeleton of carotenoids. It is the primary precursor to
synthesize C40 carotenoids. For the formation of phytoene from IPP, there are four
enzymes to catalyze the steps. These enzymes are IPP isomerase for isomerization of IPP
to DMAPP, GPP synthase to convert IPP and DMAPP into GPP, GGPP synthase to
catalyze conversion of IPP and DMAPP to GGPP and lastly, phytoene synthase which
catalyzes the formation of phytoene from GGPP [9].
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Figure 1.1 Biosynthetic pathway of carotenoids.

Conjugated carbon-carbon double bonds provide the required chromophore
structure for carotenoid coloration. Desaturation of phytoene by phytoene desaturase
(PDS) in higher plants, and carotene isomerase (Crtl) in bacteria and fungi leads to the
formation of lycopene at four steps by introducing one desaturation at each step [9].
Increased number of conjugated carbon-carbon double bonds gives rise to red colored
lycopene [2,9]. Phytoene is found as 15-cis isomer in higher plants while lycopene is
observed as all-trans, that indicates the isomerization which is facilitated by light and

catalyzed by plant desaturases at some point [9].

Lycopene is the precursor for the synthesis of cyclic and bicyclic carotenoids which
is catalyzed by lycopene cyclases [2]. At first, cyclization of lycopene by lycopene-f-
cyclase (LYC-b) by the introduction of B-rings and lycopene-e-cyclase (LYC-e) by the

introduction of e-rings yields to PB-carotene and o-carotene, respectively. Further



modifications of carotenes via B-carotene ketolase and [-carotene hydroxylase generate
several C40 carotenoids that belong to the xanthophylls group [2]. The first xanthophylls
formed from B-carotene are B-cryptoxanthin and zeaxanthin which are obtained via
hydroxylation on C-3 and C-3’ positions of the B-rings by B-carotene hydroxylase.
Zeaxanthin epoxidase (ZEP) modifies 3-hydroxy B-rings of zeaxanthin by introducing
5,6-epoxy groups and yields antheraxanthin and violaxanthin.  Finally,
capsanthin/capsorubin synthase (CCS) forms cyclopentane rings (x-rings) from 3-
hydroxy-5,6-epoxy B-rings of antheraxanthin and violaxanthin, and results in capsanthin
and capsorubin which are the ketolated carotenoids [9]. Astaxanthin is synthesized by [-
carotene ketolase, catalyzing the conversion of zeaxanthin into astaxanthin [12]. C50 and
C30 carotenoids are rare and C50 carotenoids are synthesized through the addition of two
DMAPP molecules on C40 carotenoids [13], while C30 carotenoids are synthesized by
two ways: by the condensation of FPP molecules or from the oxidative cleavage of C40
carotenoids [2,14].

1.2 Dietary Sources of Carotenoids

Carotenoids cannot be synthesized by humans and must be obtained through daily
dietary intake. Most important sources of carotenoids in the human diet are fruits and
vegetables, which provide almost 50 different carotenoids. Various carotenoids can be
detected in human blood plasma, including zeaxanthin, B-cryptoxanthin, lutein, lycopene,
B-carotene, and a-carotene [15]. A study revealed that the highest carotenoid containing
fruits and vegetables are red peppers, carrots, apricots, nectarines, plums, peaches and the
lowest in cherries [16]. Table 1.1 summarizes some of the fruits and vegetables and their

carotenoid contents as /100 g vegetable or fruit.

Due to its provitamin A activity, B-carotene is considered one of the most important
carotenoids. Mainly, apricot, carrot, mango and pumpkin species are rich in p-carotene
and also contains a portion of a-carotene [17]. 60-70% of total carotenoids of apricot is
determined as [-carotene [18]. Orange vegetables such as carrots, and dark green leafy
vegetables like lettuce and spinach, are other sources rich in p-carotene [19,20].

According to the database (https://fdc.nal.usda.gov/fdc-app.html#/?component=1122),

lycopene is found in tomato (46 mg/100 g FW (fresh weight)), watermelon (1.6-3.5


https://fdc.nal.usda.gov/fdc-app.html#/?component=1122

mg/100 g FW), papaya (1.8-4.2 mg/100 g FW) and guava (3.2-7.0 mg/100g FW) [21].
80-90% of the total pigments in tomato is determined to be lycopene, making tomato and

tomato-based products such as ketchup and sauce significant sources of lycopene [22,23].

Gac fruit aril is not included in the database, yet. However, gac fruit aril is determined as
the highest B-carotene (20.5 mg/100 g FW) and lycopene (146.6 mg/100 g FW)

containing fruit [24].

Table 1.1 Carotenoid contents of different fruits and vegetables according to
information from [21].

Carotenoid Description Carotenoid per 100 g (ng)
Lycopene Tomato powder 46300
Tomato, sun-dried 45900
Catsup 12100
Rose Hips, wild (Northern 6800
Plains India)
Guavas, common, raw 5200
p-carotene Peppers, sweet, red, freeze- 42900
dried
Carrot, dehydrated 34000
Grape leaves, raw 16200
Sweet potato, frozen, cooked, 12500
baked, without salt
Tomato powder 10300
a-carotene Carrot, dehydrated 14300
Peppers, sweet, red, freeze- 6930
dried
Pumpkin, raw 4020
B-cryptoxanthin  Species, pepper, red or cayenne 6250
Species, paprika 6190
Papayas, raw 589
Peppers, sweet, red, raw 490
Zeaxanthin Eggs, Grade A, Large, egg 546
yolk
Spinach, mature 466
Spinach, baby 191
Lutein Spinach, mature 7450
Spinach, baby 5830
Eggs, Grade A, Large, egg 612

yolk




Corn seeds and egg yolks are good sources of lutein and zeaxanthin due to their
high content of these carotenoids [23]. 21.8 pug/g FW lutein and 13.4 pug/g FW zeaxanthin
were determined in egg yolk [25]. The lutein and zeaxanthin content of egg yolk is
coming from corn seeds hence chicken diet is primarily depending on corn seeds [23].
Total lutein and zeaxanthin contents from four different corn cultivar were determined
between 947-2758 ug/100 g [26]. Spinach (11.93 mg/100 g) and kale (39.55 mg/100g)
are found as high-level lutein and zeaxanthin containing vegetables [27]. Carotenoids can
exist in esterified form among plants. For instance, the high level of zeaxanthin
dipalmitate (35.7 mg/g FW) was determined in goji berry at fully ripe stage, while 5% of
total carotenoids was estimated as B-cryptoxanthin monopalmitate (2.2 mg/g FW) [28].
B-cryptoxanthin is provitamin A xanthophyll and major carotenoid found in mandarins
and oranges [15]. B-cryptoxanthin was determined in both skin (283-1254 pg/g FW) and
pulp (76.5-287 png/g FW) of the persimmon with different levels depending on the cultivar
[29].

In addition to plants, carotenoids are also synthesized via various microorganisms,
including certain algae, bacteria, and fungi species. Algae are pigment-producing
photosynthetic organisms and perceived as a good source of bioactive compounds
including carotenoids [30]. Astaxanthin is a red carotenoid with an antioxidant activity
ten times higher than other carotenoids [31]. Main microalgae species producing
astaxanthin are Haematococcus pluvialis, Chlorella zofingiensis, and Chlorococcum sp.
[32]. The richest source of astaxanthin is H. pluvialis with 80% (relative to biomass) of
the total carotenoids and H. pluvialis is the primary industrial source for the production
of astaxanthin [30,32]. Halotolerant green algae Dunaliella salina synthesizes
carotenoids such as -carotene, a-carotene, lutein, and lycopene [33]. Relatively, 86% of
total carotenoids from D. salina was determined as [3-carotene that makes D. salina the
richest source of -carotene [33]. Lutein and zeaxanthin are synthesized via algal species
such as Scenedesmus spp., Chlorella spp. Rhodophyta spp., or Spirulina spp. Chlorella
genus is the best source for industrial level lutein production. -carotene, B-cryptoxanthin
and zeaxanthin are synthesized by Spirulina platensis [30]. Generally, algae species
produce various carotenoids, and they are the most suitable organisms for industrial scale-

up processes to produce carotenoids.



Despite the high yield of microalgal carotenoid biosynthesis, the cost of carotenoid
biosynthesis via microalgae in an industrial process is higher than that of bacteria since
the microalgae require longer cultivation time and depend on light to produce carotenoids
[34]. Some bacterial species are also natively capable of biosynthesizing carotenoids and
gain attention for carotenoid production due to shorter cultivation time [34]. In literature,
Brevibacterium linens was reported as high B-cryptoxanthin (0.3 mg/mL) producing
bacteria [35], while Paracoccus zeaxanthinifaciens was reported as high zeaxanthin (13.8
mg/L) producer [36] and Paracoccus carotinfaciens (E-396) was reported for high
astaxanthin producer (19.9 mg/L) [37]. Besides, some endophytic bacteria species are
identified as native carotenoid producers. For instance, Pseudomonas sp. 102515 was
isolated from the leaves of Taxus chinensis and capable of producing an antioxidant

natural product, zeaxanthin diglucoside (380 = 12 mg/L) [38].

1.3 Antioxidant Potential and Health Benefits of

Carotenoids

1.3.1 Functional Roles of Different Carotenoid Molecules

Carotenoids have various functions in nature, including light-harvesting,
photoprotection, coloration for sexual purposes, and protection in animals, as well as
provitamin A activity in vertebrates [39]. All carotenoids possess light-harvesting and
photoprotection properties due to conjugated double bonds, which can exhibit n—n*
transition following light-absorption and subsequent high-energy excitation [39]. This
light-harvesting property of carotenoids increases the spectral range of photosynthesis in
plants [40]. Besides, light absorption and excitation result in color formation and
carotenoids exhibit yellow-orange or red color which are in the visible spectrum with
wavelengths 400-500 nm [39].

In the presence of at least 9 conjugated double bonds, molecules exhibit singlet
oxygen quenching activity and radical scavenging activity that provides carotenoids

antioxidant properties. In addition, the linear system of conjugated C-C double bonds



renders carotenoids potent antioxidants via high reducing potential in lipid formation via
oxidation. When carotenoid molecules interact with membranes or dissolve in lipid
structures, they can protect these structures from oxidative damage caused by aggressive
radical species, thereby preventing irreversible destruction [40]. The effective
neutralization of reactive oxygen species and other free radicals by carotenoids in both
photosynthetic and non-photosynthetic organisms provides the protection from oxidative

damage. This makes carotenoids excellent candidates as natural antioxidants [41].

1.3.2 Role of Carotenoids in Reducing Oxidative Stress via Antioxidant

Properties

Reactive oxygen species (ROS) are formed by cells for normal cellular functions,
such as intracellular signaling and redox regulation. ROS molecules are derived from
oxygen and can be extremely reactive in different forms such as hydroxyl radical, or less
reactive like superoxide and hydrogen peroxide. Intracellular free radicals, which have
unpaired electrons, are often considered as ROS. The excessive formation of ROS is
called as oxidative stress and cause severe damage in cellular structures [42,43]. ROS and
free radicals start a chain reaction by interacting with biomolecules like lipids, proteins,
and DNA, and form free radicals readily [42,43]. Newly formed free radicals further react
with another free radical to eliminate the unpaired electron or with a free radical
scavenger, a primary antioxidant, to break the chain [42]. Antioxidant is defined as “any
substance that delays, prevents or removes oxidative damage to a target molecule” [44].
Antioxidants are investigated under two groups as enzymatic antioxidants and non-

enzymatic antioxidants [43] or as preventative and chain-breaking antioxidants [45].

Carotenoids are non-enzymatic, chain-breaking, and lipid soluble antioxidants due
to their hydrophobic nature [45,46]. Hydrophobic scavengers are located on the cellular
membrane or found in lipoproteins, preventing lipid peroxidation by interrupting chain
reactions of ROS or free radicals [47]. Chain-breaking antioxidants interfere the chain
reaction via trapping the chain-carrying radicals [45]. Chain-breaking antioxidants such
as a-tocopherol, tend to donate hydrogen atom to trap free radicals [48]. However, a study

investigated the radical scavenging activity of four carotenoids; astaxanthin, 3-carotene,



canthaxanthin and zeaxanthin, to reveal the radical scavenging mechanism of carotenoids
and concluded that carotenoids demonstrated the antioxidant activity via the addition of
radicals to conjugated polyene chain in their structure unlike the other natural
antioxidants. The conjugated polyene chain stabilizes the free radicals by the resonance
of conjugated double bonds under low oxygen pressure similar to physiological tissue

environment [48].

Carotenoids are secondary free radical scavengers and physical singlet oxygen
quenchers [47]. Singlet oxygen (*O) is an excited state of oxygen where an electron
changes spin and yields two unpaired electrons with opposite spins. It is responsible for
10, dependent lipid peroxidation and DNA damage [49,50]. Vitamin-E (a-tocopherol) is
the most efficient peroxyl radicals’ scavenger in cellular membrane phospholipid bilayer
structure [47]. Importantly, the inhibition of O, dependent lipid peroxidation was also
achieved by carotenoids including B-carotene, astaxanthin and lycopene, due to their 1O,
scavenging activity as great as that of a-tocopherol [49]. An in vitro study to show the
protection of cells from lipid peroxidation via singlet oxygen quenching activity of
carotenoids concluded that the highest protection was provided by lycopene, followed by
astaxanthin and then, f-carotene [51]. Basically, carotenoids prevent lipid peroxidation
and cellular damage through radical scavenging or singlet oxygen quenching activities,
rendering carotenoids effective natural antioxidants and important dietary supplements
for health.

1.3.3 Potential Health Benefits Associated with Carotenoid

Consumption

In human plasma, 12 carotenoids have been detected, including lutein, zeaxanthin,
lycopene, a-carotene, B-carotene, and B-cryptoxanthin [52]. It has been hypothesized that
dietary carotenoids could reduce cancer rate, and several studies have been conducted to
test this hypothesis. These studies considered different types of cancer and revealed that
a high consumption of carotenoid-rich vegetables and fruits was associated with a
decreased risk of cancer [53]. Epidemiological studies investigated the mechanism behind

reduced risk of cancer associated with carotenoids and showed that the supplementation



of vitamin A does not decrease the risk of cancer, unlike carotenoids. This suggests that
carotenoids may exert their anticancer effects through mechanisms other than those
related to vitamin A activity [54]. The antioxidant activity of carotenoids is well-known
for their ability to scavenge radicals and quench singlet oxygen. Both radicals and singlet
oxygen can damage biomolecules in cells through mechanisms such as lipid peroxidation
or DNA damage. Since the genetic changes caused by DNA damage can led to cancer
formation, carotenoids can decrease the risk of cancer through their antioxidant activities
[34,53]. For instance, a study showed that there was an inverse relationship between
developing prostate cancer and the consumption of lycopene rich tomato and tomato-
based products. This suggests that lycopene has a significant impact to reduce the prostate
cancer development risk [55]. In an in vitro study on breast cancer, it was demonstrated
that carotenoids, including astaxanthin, B-carotene and lutein, exhibited synergistic
effects with anticancer drug doxorubicin. These carotenoids increased the ROS-mediated
apoptosis of cancer cells while showing no toxicity to healthy cells [56]. Overall, various
carotenoids exhibit anticancer activity attributed to their radical scavenging and singlet
oxygen guenching capabilities. The supplementation of carotenoids holds promise for the

treatment and prevention of several cancer types.

Oxidative stress may contribute to the pathogenesis of Alzheimer’s disease.
Astaxanthin was reported with its antioxidant activity as well as in vivo and in vitro
neuroprotective effects. In a study investigating the neuroprotective effect of astaxanthin
for Alzheimer's disease using HT22 cells, it was found that astaxanthin could be
beneficial for the treatment of neurological diseases such as Alzheimer's disease, since it
was significantly suppressed the accumulation of ROS in HT22 cells and involved in the
regulation of other biomolecules implicated in the progression of the disease [57]. In the
case of subarachnoid hemorrhage, neuronal apoptosis plays a significant role in the
development of pathogenesis. The administration of astaxanthin after subarachnoid
hemorrhage was shown to reduce the neuronal apoptosis and mitigate secondary brain
injury, thereby alleviating brain dysfunction. This neuroprotective effect of astaxanthin
involves the modulation of the Akt/Bad pathway [58]. In addition, oxidative stress also
involves in ageing and reduces cognitive abilities such as memory and language [59]. In
2013, a study revealed that serum lutein levels were significantly associated with better
cognitive abilities in the subjects over 80 years old. Additionally, serum levels of lutein,

zeaxanthin, and B-carotene were all correlated with better cognitive abilities in subjects
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over 100 years old. Besides, it was found that brain lutein and (-carotene levels are
associated with better cognitive abilities [59]. It may be concluded that carotenoids are
also beneficial for improving cognitive abilities and preventing neurodegenerative

diseases.

Macula is a part of the eye which contains high density of cone cells and provides
vision. It is exposed to light and oxidative stress on a regular basis. Age-related macular
degeneration (AMD) is a chronic disease that progresses to blindness and oxidative stress
aids the manifestation of AMD. Zeaxanthin and lutein are accumulating on human macula
to protect macula through scavenging light-induced radicals and reducing oxidative
stress. Previous studies indicated that the antioxidant activity of carotenoids in macula
reduces the ROS levels and prevents damage caused from oxidative stress, which
ultimately helps to reduce the risk of AMD. It was concluded that the supplementation of
lutein and zeaxanthin is a preventative treatment against AMD [60]. Skin is the largest
organ in the human body and exposed continuously to light and solar radiation, like eyes.
The solar radiation and light exposure cause the generation of wrinkles, pigmentation,
and premature aging as well as ROS formation [34]. Lycopene and [-carotene
supplementation was reported to provide protection against UV-induced skin damage
while elevated dietary intake of these carotenoids protected the skin from UV-induced

erythema in humans [61].

Lutein is mainly suggested for eye-related disorders, but it has a higher antioxidant
potential than [3-carotene and lycopene which makes it a suitable target for the prevention
and treatment of cardiovascular diseases. It has been showed that lutein exhibits anti-
atherosclerotic activity. Lutein involves in the regulation of certain pathways related to
antioxidant enzyme production and reduces ROS via both direct antioxidant activity and
expression of antioxidant enzymes. Low density lipoproteins (LDL) play a key role in the
development of atherosclerosis and lutein reduces the distribution of LDL particles in
plasma and the accumulation of LDL particles in aorta. There are several other
mechanisms that lutein involves and prevents cardiovascular disorders and thus, it is a
good candidate to prevent or delay atherosclerosis [62]. Several studies demonstrated that
lycopene exhibits similar mechanisms of action to other carotenoids, including the
modulation of oxidative stress through the regulation of different pathways. Additionally,

various cleavage products of lycopene was shown to interact with transcription factors
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and regulate the overexpression of antioxidants [63]. Lycopene was also considered as a
promising molecule for the treatment and prevention of cardiovascular diseases,
neurodegenerative diseases and various cancer types due to its high antioxidant activity
[63].

1.4 Industrial Demand and Limitations of Traditional

Carotenoid Production Methods

All these activities provide a wide range of uses in various industries and increase
the demand for carotenoids. Carotenoids have huge market size and the expansion of the
market size due to increased demand is projected from USD 1.5 billion in 2017 to USD
2 billion by 2026 [64]. The current supply chain for carotenoids is dependent on extraction
from plants and chemical synthesis. However, these strategies have some disadvantages
and bottlenecks [65]. Use of organic solvents for both the chemical synthesis and plant
extraction cause environmental problems and also, climate change and seasonal
differences affect the plants availability. In addition, growing a plant is a costly and time-
consuming process. Since the synthetic carotenoids produced by chemical synthesis
might lead to health problems such as toxicity and increased allergenicity, there is an
increased tendency for microbial production and extraction from plants [64].

Microbial production can overcome these disadvantages and bottlenecks therefore
it is found to be the most efficient strategy for industrial scale production. The use of
microbial production is fundamental to meet with the demand at industrial level since it
is possible to produce large scale production in short time with lower costs [64].
Currently, microalgae, bacteria and fungi species are commonly used for this purpose
[64]. As an alternative to native carotenoid producer microorganisms, metabolic
engineering strategies offer the production of carotenoids in other engineered
microorganisms [66]. Besides, yield improvement can also be performed through the

genetic engineering techniques [64].
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1.5 Objectives and Scope of the Thesis

In this study, we aimed to biosynthesize zeaxanthin, lycopene, beta-carotene,
astaxanthin, violaxanthin and capsanthin/capsorubin by genetically engineering an
endophytic bacterium which is determined as Pseudomonas sp. 102515, a native
zeaxanthin diglucoside producer [38]. Zeaxanthin glucosyltransferase (CrtX), lycopene
beta-cyclase (CrtY) and beta-carotene hydroxylase (CrtZ) genes from the genome of
Pseudomonas sp. 102515 were knockout by CRISPR-Cas9 system to obtain AcrtX, AcrtY
and AcrtZ knockout strains which are producing zeaxanthin, lycopene and beta-carotene,
respectively. Beta-carotene ketolase (CrtW), zeaxanthin epoxidase (ZEP) and
capsanthin/capsorubin synthase (CCS) from Capsicum annuum were constructed as
overexpression plasmid and transformed to AcrtX mutant to produce astaxanthin,
violaxanthin and capsanthin/capsorubin. Synthesized carotenoids via engineered strains

were extracted and confirmed by TLC and HPLC analysis.
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Chapter 2

Materials and Methods

2.1 Strains, Media, and Plasmids

Strains and plasmids are shown in Table 2.2. Generally, E. coli Top10 cells was
used for cloning experiments and Pseudomonas sp. 102525 isolate [38] was used for
carotenoid production. Luria Bertani (LB) medium (Condalab) was utilized for bacterial
growth in all steps, 20 g/L bacteriological agar (Condalab) and antibiotics added
whenever required. LB medium was supplemented with kanamycin (50 pg/mL, Kan50
for E. coli and 30 pg/mL, Kan30 for Pseudomonas sp. 102515), ampicillin (100 png/mL,
Amp100), gentamicin (35 pg/mL, Gen35), tetracycline (10 pg/mL, Tet10 for E. coli and
25 ng/mL, Tet25 for Pseudomonas sp. 102515) and chloramphenicol (25 pg/mL, Chl25
for E. coli). Culture conditions were 37°C and 28°C; with 220 rpm agitation for E. coli
Top10 and Pseudomonas sp. 102525, respectively.

Table 2.2 Strains and Plasmids used in this study.

Strain or Plasmid Description Source
Strains
E. coli Topl0 F-  mcrA  A(mrr-hsdRMS-mcrBC) ¢80 Lab stock

lacZAM15A  lacX74 recAl araAl139A(ara-
leu)7697 galU galK rpsL (StrR) endA1 nupG
E. coli BL21(DE3) BF ompT gal dem lon hsdSs (r8™ ms™) A (DE3 Lab stock
[lacI lacUV5-T7p07 ind1 sam7 nin5]) [malB" k-
12(A%)
Pseudomonas sp. Wild type, zeaxanthin diglucoside producing [38]
102515 strain
Pseudomonas sp. Zeaxanthin producing knockout strain This study

102515AcrtX
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Pseudomonas sp.
102515 AcrtY
Pseudomonas sp.
102515 AcrtZ
Pseudomonas sp.
102515AcrtX/pNArl18
Pseudomonas sp.
102515AcrtX/pNArl7
Pseudomonas sp.
102515AcrtX/pNAr20
Plasmids

pCas9

pJOE pvd]
pNATr7

pNArl0
pNArl4
pgRNAtet-IvaA
pNATr8

pNAr9

pNArlS
pJET1.2

pNArll

pNATr16
pNATr12

Lycopene producing knockout strain

B-carotene producing knockout strain

Astaxanthin producing overexpression strain

Violaxanthin producing overexpression strain

Capsanthin/capsorubin producing

overexpression strain

Recombineering plasmid with constitutively
expressed cas9 and the araBAD promoter
expressing afly

P. putida KT2440 suicide plasmid with repair
template for pvdJ knockout

P. putida KT2440 suicide plasmid with repair
template for crtX knockout

P. putida KT2440 suicide plasmid with repair
template for crtY knockout

P. putida KT2440 suicide plasmid with repair
template for crtZ knockout

Guide RNA plasmid targeting /vaA

Guide RNA plasmid targeting crtX

Guide RNA plasmid targeting crtY

Guide RNA plasmid targeting crtZ

Cloning vector

Blunt-ended beta carotene ketolase gene crtW
cloned into pJET1.2

Blunt-ended CaZEP gene cloned into pJET1.2
Blunt-ended CaCCSmao gene cloned into pJET1.2
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This study

This study

This study

This study

This study

[67]

[67]

This study

This study

This study

[67]

This study
This study
This study
Lab Stock
This study

This study
This study



pMiS1-ges-mva P. putida KT2440 expression vector pMiS1 with [68]
geraniol synthase gene ges and 6 MV A pathway

genes
pMF541 pUClIac vector with pMB1 ori carrying CaCCSma0  [69]
and CaZEP genes
pUC-CaZEP- pUClac vector with pMBL1 ori carrying CaZEP [70]
RBS5000 gene
pNArl7 P. putida KT2440 expression vector pMiS1 with This study
CaZEP gene
pNArl8 P. putida KT2440 expression vector pMiS1 with This study

beta carotene ketolase gene crtW
pNAr20 P. putida KT2440 expression vector pMiS1 with  This study
CaZEP-CaCCSmao genes

pAC-LYCipi Lycopene producing plasmid Addgene
plasmid #:
53279
pAC-BETAipi B-carotene producing plasmid Addgene
plasmid #:
53277
pAC-ZEAXipi Zeaxanthin producing plasmid Addgene
plasmid #
53287
pAC-VIOL Violaxanthin producing plasmid Addgene
plasmid
#53087

2.2 Plasmid Construction

Phusion DNA Polymerase (ThermoFisher Scientific) was always used for
polymerase chain reaction (PCR) and all primers are listed in Table 2.2 . PCR reaction
was prepared with final volume of 20 pL including 0.5 uM forward primer, 0.5 uM
reverse primer, 1x buffer, 200 uM dNTPs, 3% DMSO, variable amount of template, 0.02
U/uL Phusion DNA Polymerase and dH20 up to 20 pL. The reaction conditions were set
for 35 cycles: 1 min at 98°C for initial denaturation, 10 sec at 98°C for denaturation, 30
sec at 50-75°C for annealing, 30 sec/kb at 72°C for extension and finally, 10 min 72°C

for final extension.
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Different protocol had been developed for overlapping-extension (OE) PCR: 0.25
uM forward primer, 0.25 uM reverse primer, 1x buffer, 400 uM dNTPs, 3% DMSO,
variable amount of template, 0.02 U/uL. Phusion DNA Polymerase and dH>O up to 20
uL. First, reaction conditions were set for 20 cycles without primers as follows: 1 min at
98°C for initial denaturation, 10 sec at 98°C for denaturation, 30 sec at 65-80°C for
annealing, 30 sec/kb at 72°C for extension and finally, 10 min 72°C for final extension.
After the completion of first 20-cycle, primers were added and conditions were set as 1
min at 98°C for initial denaturation, 10 sec at 98°C for denaturation, 30 sec at 50-75°C

for annealing, 30 sec/kb at 72°C for extension and finally, 10 min 72°C for final extension.

Table 2.2 List of all the primers used in this study.

Primer  Oligo Name Oligonucleotide Sequence 5°-3°
No.
1 CrtX-Uphom-F-Pmli AACACGTGACGCCCTGTTCTTCGCGCAGC
A
2 CrtX-Uphom-R CGACATGGCGCGCAACTGCCCATGGTGTT
CGACCA
3 CrtX-Downhom-F GAACACCATGGGCAGTTGCGCGCCATGT
CGGCGATCA
4 CrtX-Downhom-R- AAGGATCCATCGTGCATCTCAATCCC
BamHlI
5 CrtY-Uphom-F-Pmli TGCACGTGCAGCACCAGCACGTGGTGGC
GCGATTGCCTTCG
6 CrtY-Uphom-R AGGTGCGCTTATCCTCTCCGGCAAACCGC
7 CrtY-Downhom-F CGGAGAGGATAAGCGCACCTCGTAGCCG
8 CrtY-Downhom-R- GGCCGCTTTGGTCCCGGATCCAGGTGTTC
BamHI GACCTGATGATGCG
9 CrtZ-Uphom-F-PmlI TGCACGTGCAGCACCAGCACGTGCTCAA
TGGCAAGGAAACCGG
10 CrtZ-Uphom-R GGAAACCGAAGCATGATGTACTTGTGCG
ACC
11 CrtZ-Downhom-F TACATCATGCTTCGGTTTCCTGCTGGCG
12 CrtZ-Downhom-R- GGCCGCTTTGGTCCCGGATCCGCGATAAA
BamHI CGGGTCGGATTA
13 pgRNAtet-CrtX-F-Spel ACTAGTGGGCTCGCGATTCATCGGCAGTT
TTAGAGCTAGAAAT
14 pgRNAtet-CrtX-R ATTATACCTAGGACTGAGCTAGCTG
15 pgRNAtet-F GCTTGGATTCTCACCAATAAAAAAC
16 pgRNAtet-R ACTAGTATTATACCTAGGACTGAGC
17 pgRNAtet-CrtYZ-R GGTGAGAATCCAAGCGCCTCCGCCCTGC
GGCCT
18 pgRNAtet-CrtY-F AGGTATAATACTAGTCTGTTCTTCGCGCA

GCACCTGTTTTAGAGCTAGA
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19 pgRNAtet-CrtZ-F AGGTATAATACTAGTCCCTGGGCAATGCC
GGCTATGTTTTAGAGCTAGA

20 ColonyPCR-CrtX-F AGTCCAGCTCCGGACGGGTTTG

21 ColonyPCR-CrtX-R TGCGGTGCCCATAGTGGCCGACA

22 ColonyPCR-CrtY-F AGGGTGGTGGCGATGCCGGC

23 ColonyPCR-CrtY-R GCCGAACGCTTCGTGCCCAT

24 ColonyPCR-CrtZ-F CGAATGGGAAGGCGAATTCC

25 ColonyPCR-CrtZ-R TCGATCCCTTCGACGAGCAG

26 CrtW-OE-Pmel-F AAGTTTAAACATGGTCCAGTGCCAGCCGT
C
27 CrtW-OE-Spel-R AAACTAGTTTACAGCGAGATTTTGTGTGC
TT
28 CaZEP-OE-Pmel-F AAGTTTAAACATGTATAGCACCGTGTTTT
ATAC
29 CaZEP-OE-Hindlll- AAAGCTTATCATCATCACTAGTTTACGCG
Spel-R GTGCCAACCAC
30 CaCCSM40-OE-Spel-F AACTAGTATGTTTCATTATCGTAACAAAA
G
31 CaCCSM40-OE- AAAAGCTTTTACAGGCTTTCAATCGCCAG
HindllI-R ATTGC

2.2.1 Construction of pJOE with Homologous Arms of the Target Gene

Genomic DNA of Pseudomonas sp. 102515 was isolated by genomic DNA
extraction kit (Transgen Biotech) and used as template for the amplification of upstream
and downstream homologous arms of the crtX, crtY and crtZ genes by PCR. Amplified
upstream and downstream homologous arms of the genes were purified from agarose gel
by Gel Extraction Kit (Favorgen), hybridized and amplified by OE PCR by using
upstream forward and downstream reverse primers. pJOE_pvdJ plasmid was digested
with BamHI and Pmll restriction digestion enzymes (ThermoFisher Scientific). Digested
pJOE_pvdJ and hybridized upstream-downstream homologous arms were purified from

gel and ligated by Gibson Assembly (TakaraBio In-Fusion Cloning).

2.2.2 Construction of pgRNAtet with N20 Sequence of the Target Gene

For the construction of pgRNAtet, two different strategies were followed. First, the
N20 sequence of crtX gene on the pgRNAtet-IvaA plasmid was changed via primer and
obtained 3.5 kb PCR product was self-ligated by T4 DNA ligase (ThermoFisher
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Scientific). Secondly, pgRNAtet plasmid was amplified by PCR as 2 fragments and N20
sequence was changed again by primers. First, pgRNAtet-F and pgRNAtet-R primer pair
was used, and 1.6 kb fragment obtained. Then, pgRNAtet-CrtYZ-R primer was used with
pgRNAtet-CrtY-F and 1.9 kb fragment obtained with specific N20 sequence for crtY
gene. These two PCR products were purified from agarose gel and ligated by Gibson
Assembly (TakaraBio In-Fusion Cloning). The same protocol was followed for crtZ gene

by using pgRNAtet-CrtZ-F primer.

2.2.3 Construction of Overexpression Plasmids

CaZEP was amplified from pUCiac-KBS5000-CaZEP via PCR with primers 28 and
29 and purified from gel. The blunt-ended PCR product was first cloned into pJET1.2,
which was cut by EcoRV restriction enzyme (ThermoFisher Scientific), by T4 DNA
ligase (ThermoFisher Scientific) to yield pNAr16. For the ligation, 50-100 ng vector, 5:1
vector/insert molar ratio insert, I pL 10x T4 ligase buffer, 1 nL PEG buffer (for blunt-
end ligations), 0.5 uL. T4 DNA ligase and dH20O up to 10 pL. was added and the ligation
reactions were incubated on ice for 30 min and then, incubated at 18°C overnight. The
construct, pNArl6, and vector pMiS1-MVA-Ges were cut by Pmel and Hindlll
(ThermoFisher Scientific) and required bands collected and purified from gel. Sticky-end
CaZEP obtained from restriction digestion of pNAr16 was inserted into pMiS1 vector via
T4 DNA ligase and pNAr17 was constructed.

crtW gene was synthesized as gene block and amplified by PCR with primer 26-27
and first cloned into pJET1.2, as described for CaZEP, to yield pNArll. pNArll and
PNArl7 were cut by Pmel-Spel and result in sticky-end crtW as insert and vector pMiS1
that were ligated by T4 DNA ligase and yielded pNAr18. On the other hand, CaCCSmao
was amplified from pMF541 with primers 30-31 and cloned into pJET1.2 by following
the same protocol for pNArll and pNAr16 and resulted in pNAr12. pNArl2 and pNArl7
were cut by Spel-Hindlll and resulted in sticky-end CaCCSmso as insert and vector
pMiS1-CaZEP that were ligated by T4 DNA ligase and yielded pNAr20.
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2.3 Transformations and Genetic Engineering of

Pseudomonas sp. 102515

E. coli Top10 and BL21(DE3) cells were made chemically competent by CaCl;
treatment according to Sambrook et al. [71]. The transformation of plasmids into E. coli
chemically competent cells were done by heat-shock method. Briefly, a small amount of
the plasmids/ligation reaction was added to 150 uLL competent cells and incubated on ice
for 30 min. Then, cells were kept in a 42°C water bath for 1 min. After the water bath,
cells were incubated on ice for 1 min and 1 mL LB medium was added for the recovery
of cells and incubated at 37°C for 30 min. Finally, transformed cells were spread on LB
Agar plates which contain proper antibiotic for the selection of transformed cells. Plates

were incubated at 37°C overnight.

Transformations to Pseudomonas sp. 102515 cells were done by electroporation.
Electrocompetent cells were prepared according to literature [72]. Briefly, growth of
Pseudomonas sp. 102515 cells was tracked until ODsoo reached 0.4 and after this point,
all the steps carried on ice or +4°C. Cells were harvested by centrifugation and washed
three times with 300 mM sucrose solution. 100 pL of sucrose solution was used to
resuspend cells and cells were mixed with plasmid, transferred to ice-cooled cuvettes.
After 10 min incubation on ice, electroporation was performed according to settings:
voltage - 2.5 kV (12.5 kV/cm); capacitor - 25 uF. 1 mL of LB medium was immediately
added to cells and mixed. Mixture was transferred into a culture tube and incubated at
28°C; with 220 rpm agitation for 2 h. Cells were spread on LB Agar plates which contain
proper antibiotic for the selection of transformed cells and incubated at 28°C for 2 days.
Colonies were subcultured into a fresh plate and growing colonies were inoculated into

LB medium with appropriate antibiotics for further analysis.

For the transformations of CRISPR-Cas9 components for ARed/Cas9
recombineering, electroporation was done in 2-step according to Pfleger et al. [67].
Pseudomonas sp. 102515 cells containing pCas9 plasmid were transformed with pJOE,
which carries the homologous arms of the target gene, by electroporation and transformed
cells were selected by Gen35+Kan30 LB agar plates. One of the colonies was inoculated
into 5 mL LB medium supplemented with Gen35+Kan30 and incubated at 28°C with
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shaking for 2 days. 50 mL culture was started with 1% inoculation of 2-day seed culture
and growth was observed until ODeoo reached 0.4. Then, 0.2% L-arabinose added for
induction and culture was incubated for 15 min. Cells were harvested and made
electrocompetent by described protocol. These cells were subjected to transformation of
pgRNAtet plasmid by electroporation and transformed cells were selected by
Gen35+Tet25 LB agar plates.

After knockout strains were obtained, CRISPR-Cas9 components were removed
from the cells by inoculating into antibiotic free LB medium and then, spreading on both
antibiotic containing and antibiotic free LB agar plates. The procedure of inoculation and
spreading was continuously performed until there was no growth observed on antibiotic
containing plates. Overexpression plasmids were transformed to plasmid free
Pseudomonas sp. 102515AcrtX cells as described above, with one step. Selection of the
transformants were done via Kan30 LB agar plates.

2.4 Shake Flask Cultivation for Carotenoid Production

For E. coli BL21(DE3) cells carrying pAC-LY Cipi, pAC-Betaipi, pAC-Zeaxipi or
pAC-VIOL, a single colony was inoculated into 5 mL LB medium containing Chl25 and
incubated at 37°C with 220 rpm agitation overnight. 100 mL cultures were started in shake
flasks with 0.5% inoculation of overnight seed culture in LB medium with Chl25.

Cultures were incubated at 37°C with 220 rpm agitation for 2 days until extraction.

For Pseudomonas sp. 102515 strains, a single colony was inoculated into 5 mL LB
medium, antibiotic supplemented if necessary and incubated at 28°C with 220 rpm
agitation for 2 days. 50 mL, 100 mL or 200 mL cultures were started in shake flasks with
0.5% inoculation of 2-day seed culture and proper antibiotic was added. After 6 h, 0.2%
L-rhamnose was added for induction during astaxanthin production from AcrtX/pNAr18,
violaxanthin production from AcrtX/pNArl17 and capsanthin/capsorubin production from
AcrtX/pNAr20. Cultures were incubated at 28°C with 220 rpm agitation for 5 days until

extraction.
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2.5 PCR Confirmation

Genomic DNA of wild type Pseudomonas sp. 102515 and knockout strains of
Pseudomonas sp. 102515 were isolated by genomic DNA extraction kit (Transgen
Biotech) and used as templates for the confirmation of knockout of crtX, crtY and crtZ
genes in the genome. PCR was performed for wild type and knockout genomic DNA with
the same primer pair such as ColonyPCR-CrtX-F and ColonyPCR-CrtX-R (found in
Table 2.2) and obtaining a shorter DNA fragment from knockout strains was aimed since
the gene was removed. It was also applied to the other knockout strains with the same

manner and listed primer pairs in Table 2.2 .

2.6 Carotenoid Extraction

5-day cultures were centrifuged at 6,000 g for 10 min to harvest cells. Supernatant
was removed and an equal amount of acetone:methanol:chloroform (4:3:3, v/v/v) mixture
was added. Sonication was applied for 1 min/50 mL culture to disrupt cell membrane and
extract carotenoids. Samples were centrifuged again at 8,000 g for 15 min to remove cell
debris. Supernatants were collected and extracts were dried by rotary evaporator.
Residues were collected by acetone:methanol:chloroform (4:3:3) solvent mixture for

further analysis.

2.7 TLC and HPLC Analysis

Thin layer chromatography (TLC) was performed for separation of carotenoids
with silica gel coated with fluorescent indicator F254 (Merck). Developing solvent was
used as acetone:n-hexane:dH>O (9:9:1, v/v/v). Standards were used for zeaxanthin
(Solarbio), p-carotene (Solarbio), lycopene (Solarbio), astaxanthin (Solarbio) and
capsanthin (Naturewill Biotechnology Co.) along with the extracts from BL21(DE3)
strains which produce carotenoids via the transformation of pAC based plasmids.

Extracted carotenoids were determined by HPLC analysis. The analyses were

performed on a reserve-phase C18 analytical column with 250 x 4.6 mm diameter, 5 um
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particle size (Hypersil ODS, ThermoFisher Scientific). The HPLC instrument (LC-20AD
auto sampler, DGU20Asr, Shimadzu) was equipped with photodiode array detector
(SPD-M20A, Shimadzu) and chromatograms were detected at 454 nm. Analysis of
extracted carotenoids  were done by an isocratic  elution  of
acetonitrile:methanol:isopropanol (5:3:2, v/v/v) with 1 mL/min flow rate and oven

temperature at 40°C.
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Chapter 3

Results

3.1 Results for Knockout Strains

3.1.1 Construction of pJOE with Homologous Arms of the Target Gene

As a starting point of the project, genomic DNA of Pseudomonas sp. 102515 was
isolated and used as a template to amplify the upstream and downstream homologous
arms of the target gene. Firstly, upstream and downstream homologous arms of crtX gene
were amplified by PCR, as described in the method part, via primer pairs 1-2 and 3-4
(Table 2.2 ). PCR reactions were loaded to 0.8% agarose gel and run at 100 V for 30 min
(see Figure 3.1 A) and expected bands (1 kb for upstream and 900 bp for downstream)
were cut from gel and amplified PCR products were purified by gel extraction kit. Small
amounts of purified products were loaded to 0.8% agarose gel to check purity (see Figure
3.1 B). Purified products were used as template in OE PCR and hybridized by the protocol
explained in the method part using primers 1 and 4. Hybridization of upstream and
downstream homologous arms via OE PCR was confirmed by visualizing on agarose gel
electrophoresis (see Figure 3.1 C) and the corresponding band (1.9 kb) collected and
purified (see Figure 3.1 D) for further cloning steps as insert.

For the construction of pNAr7, pJOE_pvdJ was cut by BamHI and Pmll and 5.1 kb
vector obtained after purification from gel (see Figure 3.2 A). Construction of pNAr7 was
done by Gibson Assembly and reaction mixture was transformed into E. coli Topl0
chemically competent cells by heat-shock. Transformed colonies were selected by Kan50
plate and they were used for plasmid isolation. Isolated plasmids were subjected to
restriction digestion by BamHI and Pmll to confirm the construct. As seen in Figure 3.2
B, sample 2 was confirmed as pNAr7.
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Gel Extractions of PCR
Products for CrtX
Homologous Arms

Upstream Downstream

Gel Extractions for:

CrtX SOE PCR Upstream Downstream
SOE PCR for CrtX

Figure 3.1 Agarose gel electrophoresis results for the construction of pJOE with
homologous arms of crtX gene (pNAr7). A) PCR amplification of upstream and
downstream homologous arms, B) Gel extraction results for amplified homologous arms,
C) Hybridization of homologous arm by overlapping-extension PCR, D) Gel extraction
results for hybridized homologous arms and amplified individual homologous arms.

Restriction Digestion )
(BamHI+Pmil) = Restriction Digestion of

Isolated pNAr7 Samples
CrtX SOE PCR  pJOE pvdl
Gel Extraction Gel Extraction

Figure 3.2 Agarose gel electrophoresis results for the construction and confirmation of
pJOE with homologous arms of crtX gene (pNAr7). A) Gel extraction of hybridized
homologous arms of crtX and pJOE vector obtained by BamHI-Pmll, B) Confirmation of
isolated plasmids via BamHI-PmlI restriction digestions.
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The same steps were followed for the construction of pNAr10 with homologous
arms of crtY and pNAr14 with homologous arms of crtZ genes (see Figure A.1 and Figure
A.2). Confirmations of pNAr7, pNAr10 and pNArl4 were done by different restriction
digestions (see Figure 3.3 ). First, BamHI and Pmll were used for all these constructs
since hybridized homologous arms were inserted by these sites. Expected bands were 5.1
kb (vector backbone) and 1.9 kb (insert). For further confirmation, ECoRV was used to
digest constructs hence EcoRV cuts pJOE_pvdJ at two different positions but when pvdJ
was removed and only pJOE was used as vector backbone, EcCoRV can cut from only one
site and restriction digestion yields only one band at 7 kb for pNAr7, pNArl0 and
pNArl4. Samples were confirmed by both BamHI-Pmll and EcoRV restriction
digestions. Constructs were also confirmed by sequencing and alignments of sequencing
result and our target sequence for pNAr7, pNAr10 and pNAr14 is shown in Figure A.13.

Plasmid maps for the constructs are attached in Figure A.8 .

CrtX CrtY CrtZ
pNAr7 pNAr7 pNAri0 pNAri0 pNAri4 pNAri4
BamHI-Pmll EcoRV  BamHI-Pmll EcoRV  BamHI-Pmli EcoRV

Figure 3.3 Confirmation of pJOE constructs which carry the homologous arms of the
target gene crtX (pNAr7), crtY (pNArl0) and crtZ (pNArl4) by restriction digestion
enzymes.

3.1.2 Construction of pgRNAtet with N20 Sequence of the Target Gene

Two different strategies were developed for the construction of pgRNAtet with
unique N20 sequence to target genes crtX, crtY and crtZ, individually. The first strategy
was applied to target crtX gene by constructing pNAr8, that focused on changing the N20
sequence via primers and amplifying the whole plasmid (3.5 kb) by PCR. In Figure 3.4,
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amplified pgRNAtet via PCR and unique N20 sequence to target crtX is seen. The
obtained PCR product was linear and thus, it was self-ligated via T4 DNA ligase to
construct pNAr8. Since the only difference between pgRNAtet and pNAr8 was N20
sequence, the confirmation of pNAr8 was done by transformation to Pseudomonas sp.
102515 and TLC analysis of the extracted carotenoids from the transformed strain. In
addition, positive pNAr8 construct from TLC result was sequenced and aligned with

unique N20 sequence of crtX gene that was confirmed pNATr8 (see Figure A.14 A).

pERNAtet-IvaA PCR at 65°C with Phusion

10 mM dNTPs 2.5 mM dNTPs
Thermo fisher scientific Trans

Figure 3.4 Agarose gel electrophoresis results for construction of pgRNAtet with crtX
N20 sequence (pNAr8).

Construction and confirmation of pgRNAtet with the first strategy required
excessive work thus, another strategy was developed that includes the amplification of
the plasmid as two fragments and ligation of these fragments via Gibson assembly. For
the construction of pNAr9 to target crtY and pNAri5 to target crtZ, the second strategy
was followed and N20 sequence was changed with primer while also one of the two Spel
restriction sites was eliminated via another primer to make confirmation of the construct
easier. Fragment 1 has a size of 1.6 kb and amplified by primers 15-16, that was common
part of both pNAr9 and pNAr15. One of the Spel sites on the pgRNAtet was removed
from fragment 1. Fragment 2 has a size of 1.9 kb that includes the specific N20 sequence

which was changed by primers 18 (for crtY) and 19 (for crtz).

In Figure 3.5 A and B, amplification and gel extractions of the two fragments for

PNAr9 has shown. After the construction of pNAr9 via Gibson assembly and
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transformation to E. coli Top10 chemically competent cells by heat-shock, transformed
colonies were selected by Tetl0 plate. The colonies were used for plasmid isolation.
Isolated plasmids were subjected to restriction digestion by Spel hence one of the two
sites was removed in the construct. In Figure 3.5 C, restriction digestion by Spel of two
isolates from pNAr9 construction was shown and sample 2 was confirmed since the
plasmid was only linearized by single cut of Spel. Construction of pNArl5 and
amplification of fragment 1 were seen in Figure A.3 . Furthermore, pNAr9 and pNAr15
constructs were sequenced and the results aligned with unique N20 sequences of crtY and
crtZ genes to confirm the constructs (see Figure A.14 ). Plasmid maps for all pgRNAtet

constructs are shown in Figure A.9 .

A B =38

pNAr9 pNAr9

NAr9
it PNAR Fragment 1Fragment 2

Fragment 2 Fragment 2

pNAr9 pNArS
samplel sample 2

—_—— -

3 kiom—
—2 kb

— kD

Figure 3.5 Agarose gel electrophoresis results for the construction and confirmation of
pgRNAtet with N20 sequence of crtY gene (pNAr9). A) PCR amplification of fragment
2, B) Gel extraction results for amplified fragments, C) Confirmation of the construct by
Spel restriction digestion.

3.1.3 Electroporation of CRISPR-Cas9 Components for Knockouts

The components of CRISPR-Cas9 system for knockout includes pCas9, pJOE with
homologous arms of the target gene and pgRNAtet with specific N20 sequence. pCas9 is
a ready-to-use component and was not subjected to any change while pJOE and pgRNAtet
were constructed for each gene specifically. At the beginning, pCas9 was transformed to
wild type Pseudomonas sp. 102515 by electroporation and transformed colonies were

selected by Gen35 plate (see Figure 3.6 A). Colonies were subcultured into a fresh Gen35
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plate (see Figure 3.6 B) to avoid from false positive colonies and glycerol stocks prepared
from these cells for the use in further electroporation experiments.

Figure 3.6 Electroporation of pCas9 plasmid into Pseudomonas sp. 102515. A) Selection
of transformed cells after electroporation, B) Subculturing of transformants in a fresh
plate.

Secondly, pJOE constructs with homologous arms (pNAr7, pNAr10 and pNAri14)
were separately transformed to Pseudomonas sp. 102515/pCas9 by electroporation, as
described in the method, for the donation of template during double strand repair by
homology directed repair (HDR). In Figure 3.7 , it has shown that the electroporation of
pNAr7 to Pseudomonas sp. 102515/pCas9 and selection of the transformed colonies via
Gen35+Kan30 plates. Same procedure was followed for the transformation of pNAr10

(see Figure A.4) and pNArl14 (see Figure A.6) with different volumes of plasmids.

Lastly, pgRNAtet constructs (pNAr8, pNAr9 and pNArl5) were transformed to
Pseudomonas sp. 102515/pCas9-pJOE construct. At this step, 50 mL culture was started
with 1% seed inoculation into LB medium supplemented with Gen35+Kan30 for
Pseudomonas sp. 102515/pCas9-pNAr7, Pseudomonas sp. 102515/pCas9-pNAr10 and
Pseudomonas sp. 102515/pCas9-pNArl4. ODesoo Was tracked until 0.4 and culture was
induced by 0.2% L-arabinose for the expression of A-Red recombination proteins.
Induced culture was incubated at 28°C with 220 rpm shaking for 15 minutes and
electrocompetent cells prepared. Different amounts of different pNAr8 isolates were
transformed to Pseudomonas sp. 102515/pCas9-pNAr7 cells and selection was done by
Gen35+Tet25 plates (see Figure 3.8 ) since pNAr7 donated the template for HDR and
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was not replicated anymore in the cells. Different amounts of pNAr9 were transformed
to Pseudomonas sp. 102515/pCas9-pNArl0 (see Figure A5 ) and pNArl5 to
Pseudomonas sp. 102515/pCas9-pNAr14 (see Figure A.7).

Figure 3.7 Electroporation of pNAr7 plasmid to Pseudomonas sp. 102515/pCas9. A)
Selection of transformed cells after electroporation, B) Subculturing of transformants in
a fresh plate.

Figure 3.8 Electroporation of pNAr8 plasmid to Pseudomonas sp. 102515/pCas9-pNAr7,
subculturing of transformants in fresh plates.

30



It has been showed that A-Red recombineering increases the efficiency of
homologous recombination for damage repair in the genome of Pseudomonas putida cells
[73]. Depending on this result, A-Red recombinases were included in pCas9 that can be
inducible by L-arabinose, in the study conducted by Pfleger. et al for genome editing of
P. putida [67]. In addition, it has been showed that two-step electroporation of pJOE and
pgRNAtet yielded higher number of transformants with higher editing efficiency
compared to one-step electroporation where pJOE and pgRNAtet constructs were
transformed at the same time [67]. Since Pseudomonas sp. was used in this study, the

same steps were followed, and successful results were achieved.

3.1.4 PCR Confirmation of Knockout Strains

In the previous steps, CRISPR-Cas9 components were transformed to wild type
Pseudomonas sp. 102515 to knockout crtX, crtY and crtZ genes via HDR. For this
purpose, homologous arms of the target gene were amplified and hybridized by PCR.
This PCR product served as a template to repair double strand break created by Cas9
enzyme that was led to target site via pgRNAtet construct. Since the gene was removed
from the genome by repairing the damaged site with the upstream and downstream

homologous arms, knockouts can be confirmed by PCR.

Genomic DNA of wild type Pseudomonas sp. 102515 and Pseudomonas sp.
102515AcrtX, Pseudomonas sp. 102515AcrtY and Pseudomonas sp. 102515AcrtZ were
isolated by genomic DNA extraction kit and used as template for PCR. Primers were
designed from the upstream and downstream regions of the target gene, and it was
expected to get a shorter PCR product from knockout strains compared to wild type. In
Figure 3.9 A, PCR confirmation of crtX knockout strain was shown. crtX gene in the wild
type Pseudomonas sp. 102515 genome is 1.2 kb long. PCR with primers 20-21 resulted
in ~1.4 kb product from wild type genomic DNA and ~600 bp product from crtX knockout
strain that indicates 800 bp was removed from crtX gene and Pseudomonas sp.
102515AcrtX is confirmed.

Same results were obtained for Pseudomonas sp. 102515AcrtY with primers 22-23
and seen in Figure 3.9 B. crtY gene in the wild type Pseudomonas sp. 102515 genome is
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also 1.2 kb long and again, almost 800 bp shorter product obtained from Pseudomonas
sp. 102515AcrtY genomic DNA and confirmed the knockout. crtZ gene has a size of 525
bp in wild type Pseudomonas sp. 102515 genome and therefore, the difference of the PCR
products with primers 24-25 for confirmation of Pseudomonas sp. 102515AcrtZ was
~300 bp (see Figure 3.9 C).

_'l?Clt.lo Confirm CrtY Knock-out C
) e E

P.102513 Wild Type Colony PCR to Confirm CntZ Knock-out
ACrtY P.102515

1.5 kb.

-1.5 kb1 kb

Figure 3.9 Agarose gel electrophoresis result for PCR confirmation of knockout strains.
A) Confirmation of AcrtX, B) Confirmation of AcrtY, C) Confirmation of AcrtZ.

3.1.5 TLC Analysis for the Extracts of Knockout Strains

After electroporation of CRISPR-Cas9 components and selection of transformed
cells, a higher volume of cultures was started in shake flasks to extract the synthesized
carotenoids. Carotenoids were extracted and analyzed by TLC as described in method.
Since the pNAr8 construct could not be confirmed by restriction digestion, different
isolates of pNAr8 were transformed and the extracts were used to confirm the construct.
In Figure 3.10 A, TLC analysis of 8 different pNAr8 transformants is shown. As a
negative control, extract from wild type Pseudomonas sp. 102515 was used while positive
control was the extract from E. coli BL21(DE3)/pAC-ZEAXipi. Itis seen that the banding
pattern of extracts from Pseudomonas sp. 102515AcrtX were matched with the positive
control while the others were still wild type Pseudomonas sp. 102515. Three of confirmed
Pseudomonas sp. 102515AcrtX mutants were selected and their extracts were analyzed
by TLC with negative control and positive control, seen in Figure 3.10 B.
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Figure 3.10 TLC analysis for extracts from crtX knockouts by different pNAr8 constructs
with positive and negative controls. A) TLC for screening for all pNAr8 transformants,
B) TLC for positive pNAr8 constructs.

Analysis of the other knockouts (AcrtY and AcrtZ) was easier, hence the
construction of pgRNAtet strategy was changed that have a simpler confirmation of the
constructs pNAr9 and pNAr15 via Spel restriction digestion. In Figure 3.11 and Figure
3.12, TLC results for the extracts from all knockouts are shown with negative control as
wild type Pseudomonas sp. 102515 extract and positive controls E. coli
BL21(DE3)/pAC-based plasmid extract and standard of the expected carotenoids. For the

Pseudomonas sp. 102515AcrtX, additional orange band was observed on the upper part

A B C

s [ % ]

Figure 3.11 TLC analysis of extracts from knockouts with positive and negative controls.
A) TLC for extract of Pseudomonas sp. 102515AcrtX, B) TLC for extract of
Pseudomonas sp. 102515AcrtY, C) TLC for extract of Pseudomonas sp. 102515AcrtZ.
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of TLC plate that matches with lycopene. It leads us to assume that knockout of crtX gene
had influenced the conversion of lycopene into following carotenoids or increased the
synthesis of lycopene. Beta carotene and lycopene could not be separated with the
developing solvent acetone:n-hexane:dH>O (9:9:1) since they have similar polarity.
Different developing solvents were tested but better separation could not be achieved,
extracts were further analyzed by HPLC and confirmed.

Figure 3.12 TLC analysis for knockouts with positive control as standards and negative
control as wild type.

3.1.6 HPL.C Analysis for the Extracts of Knockout Strains

Extracts from knockout strains were analyzed by isocratic elution of
acetonitrile:methanol:isopropanol (5:3:2, v/v/v). First, Pseudomonas sp. 102515AcrtX
mutant was obtained and its extract was analyzed by HPLC. E. coli BL21(DE3)/pAC-
ZEAXipi extract, and zeaxanthin standard were analyzed as positive control. The
chromatogram is seen in Figure 3.13 . All the samples were eluted with retention time of
3.53-3.92 min as two peaks. In addition to retention time, UV profiles of the peaks (see
Figure 3.14, Figure 3.15 and Figure 3.16 ) were examined to confirm that the peaks are
belonging to carotenoids. Since the two peaks have quite close retention times and same
UV profiles, the results suggest that the peaks are both zeaxanthin isomers. The HPLC
analysis of Pseudomonas sp. 102515AcrtX extract have an additional peak at 9.64 min
(see Figure 3.15) that have a unique UV profile for lycopene and this result is consistent

with TLC analysis.
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Figure 3.13 HPLC chromatograms for confirmation of crtX knockout. A) Zeaxanthin
standard, B) Pseudomonas sp. 102515AcrtX and C) E. coli BL21(DE3)/pAC-ZEAXipi.
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Figure 3.14 UV profiles of peaks from HPLC analysis of zeaxanthin standard.

35



454nm
rpAU

150

125

100-

75

50

200 300 400 500 600 700 nm

RT 9.64

> 5_- 20§

M L\zs-iu\domonas sp. 102515ACrtX
0_ 108

25 :
25 et e e e

0.0 5.0 10.0 15.0 20.0 25.0 min "

Figure 3.15 UV profiles of peaks from HPLC analysis of Pseudomonas sp. 102515AcrtX
extract.
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Figure 3.16 UV profiles of peaks from HPLC analysis of E. coli BL21(DE3)/pAC-
ZEAXIpi extract.
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Pseudomonas sp. 102515AcrtY and Pseudomonas sp. 102515AcrtZ extracts were
also analyzed by the same method. In Figure 3.17, HPLC chromatogram for the
confirmation of crtY gene knockout was shown. Lycopene standard and E. coli
BL21(DE3)/pAC-LYCipi extract were analyzed as positive control along with
Pseudomonas sp. 102515AcrtY extract. The corresponding lycopene peak from all the
samples eluted with retention times of 9.34-9.54 min and UV profiles of the peaks were
shown in Figure 3.17. Two shouldered UV profiles of the peaks with maxima point at
471 nm were consistent with lycopene from the literature and all the findings confirm the

knockout of crtY gene as well as the synthesis of lycopene.
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Figure 3.17 HPLC chromatograms and UV profiles of the peaks for confirmation of crtY
knockout. A) Lycopene standard, B) Pseudomonas sp. 102515AcrtY extract, C) E. coli
BL21(DE3)/pAC-LYCipi extract.

Similarly, Pseudomonas sp. 102515AcrtZ extract was analyzed with positive
controls, B-carotene standard and E. coli BL21(DE3)/pAC-BETAipi extract. f-carotene
peak was eluted with retention times of 14.89-15.36 min (see Figure 3.18 ). Carotenoid
specific and matching UV profiles were observed for all the peaks with maxima point at

452 nm. HPLC analysis confirms the knockout of crtZ gene. B-carotene and lycopene are
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both nonpolar carotenoids. 3-carotene is slightly less polar than lycopene [74] that results
in elution of B-carotene with later retention time depending on mobile phases. Since the
polarity difference is very small, elution of lycopene might be observed with later

retention times based on mobile phases’ polarity.
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Figure 3.18 HPLC chromatograms and UV profiles of the peaks for confirmation of crtZ
knockout. A) Beta carotene standard, B) Pseudomonas sp. 102515AcrtZ extract, C) E.
coli BL21(DE3)/pAC-BETAIpi extract.

3.2 Results for Overexpression Strains

3.2.1 Construction of pMiS1-CaZEP (pNAr17)

Construction of the overexpression plasmids was started with the construction of
PNArl7. ZEP gene of Capsicum annuum, with 1.9 kb size, was amplified by primers 28-
29 from pUCac-KBS5000-CaZEP plasmid (see Figure 3.17A). On the other site,
pSUN113 was cut by EcoRV to yield pJET1.2 cloning vector with 3 kb size (Figure
3.17B). Both vector pJET1.2 and insert CaZEP bands were collected from gel and
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purified by kit (Figure 3.17C) and ligated via T4 DNA ligase. The construct carrying
CaZEP as insert with pJET1.2 vector backbone was named pNAr16.
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Figure 3.19 Agarose gel electrophoresis result for construction and confirmation of
pJET-CaZEP (pNAr16) and pMiS1-CaZEP (pNArl7). A) PCR amplification of blunt-
end CaZEP, B) Restriction digestion of pSUN113 to have linearized pJET1.2, C) Gel
extractions of pJET1.2 and CaZEP, D) Confirmation of pNArl6 and sticky-end vector
(pMiS1)/insert(CaZEP) preparation by restriction digestion, E) Gel extractions of pMiS1
and CaZEP, F) Confirmation of pNArl17 and pNAr18 by restriction digestion.

pPNAr16 and pMiS1-MVA-ges plasmids were digested by Pmel and Hindlll to
obtain insert (CaZEP, 1.9 kb) and vector (pMiS1, 6.4 kb) with sticky-ends (Figure 3.17D).
Vector and insert were purified from gel (Figure 3.17E) and T4 DNA ligase was again
used to ligate sticky-end CaZEP and pMiSL1 that yields pNAr17. For the confirmation of
PNAr17, Pmel-Hindlll (6.4 kb+ 1.9 kb) and EcoRI-EcoRV (7.2 kb+ 900 bp+200 bp)
were used to cut construct (Figure 3.17F). pNArl6 was sequenced to confirm the
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construct and sequencing result was aligned with CaZEP gene sequence in Figure A.10 .
Plasmid maps for pNAr16 and pNArl7 are shown in Figure A.10 .

3.2.2 Construction of pMiS1-crtW (pNAr18)

crtW gene was synthesized as gene block. The synthesized gene block was used as
template for the amplification of crtW. Primers 26-27 were used and introduced Pmel and
Spel restriction sites to PCR product’s 5’ and 3’ ends, respectively. Amplified crtW gene
(800 bp) was cut from the gel and purified via kit (see Figure 3.18 A and B). crtW gene
was first cloned into pJET1.2 vector with the same manner of CaZEP and the construct
named pNArll, confirmed by Pmel-Spel restriction digestion that should give 2.6
kb+800 bp+ 400 bp bands. In Figure 3.18 C, it is shown that sample 2 was confirmed
while the sample 1 was a self-ligation product of pJET1.2.

ey A
Spel+Pmel Spel+Pmel CaW pmisl
Spel-Pmel

pJET CaW prmis 1-CaZEP

Figure 3.20 Agarose gel electrophoresis result for construction and confirmation of
pJET-crtW (pNArll) and pMiS1-crtW (pNAr18). A) PCR amplification of blunt-end
crtW, B) Gel extraction of crtw, C) Confirmation of pNArll, D) Sticky-end vector
(pMiS1)/insert (crtW) preparation by restriction digestion, E) Gel extractions of pMiS1
and crtw.
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In Figure 3.18 D, pNAr1l and pNArl7 were cut by Pmel and Spel to yield sticky-
end insert crtW (800 bp) and vector pMiS1 (6.4 kb). Corresponding bands collected and
purified from gel (see Figure 3.18 E) and crtW gene was cloned into pMiS1 vector via T4
DNA ligase to yield pNAr18. Confirmation of pNAr18 was done by Pmel-Spel (6.4
kb+800 bp) and EcoRI-BamHI (6.7 kb+460 bp) and is shown in Figure 3.17 F.
Sequencing result of pNArll was aligned with crtW gene sequence and is shown in
Figure A.16 . Plasmid maps for pNAr11l and pNAr18 are shown in Figure A.11 .

3.2.3 Construction of pMiS1-CaZEP-CaCCSmao (PNAr20)

Figure 3.21 Agarose gel electrophoresis result for construction and confirmation of
pJET-CaCCSma0 (pNAr12) and pMiS1-CaZEP-CaCCSms (pNAr20). A) PCR
amplification of blunt-end CaCCSmao, B) Gel extraction of CaCCSmao, C) Confirmation
of pNAr12, D) Sticky-end vector (pNArl7)/insert (CaCCSmao) preparation by restriction
digestion, E) Gel extractions of pNAr17 and CaCCSmao, F) Confirmation of pNAr20.

CCS gene of Capsicum annuum (1.4 kb) was amplified from pMF541 via primers
30-31 with Spel and Hindlll restriction sites (see Figure 3.19 A). Similar to CaZEP and
crtW genes, CaCCSmao was first purified from gel (Figure 3.19 B) and then cloned into
pJET1.2 by T4 DNA ligase. The resulted construct named pNAr12 and confirmed by
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Spel-HindlIlIl restriction digestion that should give 2.7 kb+1.4 kb+260 bp as shown in
Figure 3.19 C, sample 2. pNAr12 and pNArl7 were cut by Spel and Hindlll to have
sticky end insert CaCCSmao (1.4 kb) and linearized pMiS1-CaZEP (8.4 kb) as vector (see
Figure 3.19 D). Insert and vector were cut from the gel and purified by gel extraction kit
(Figure 3.19 E) and then, ligated by T4 DNA ligase to construct pMiS1-CaZEP-
CaCCSma4o, named as pNAr20. Confirmation of pNAr20 was done by Spel-Hindlll
restriction digestion that yields 8.4 kb+1.4 kb bands as seen in Figure 3.19 F. pNAr12
was sequenced and resulting sequence was aligned with CaCCS gene sequence in Figure
A.17. In addition, plasmid maps are shared in Figure A.12 for pNArl12 and pNAr20.

In a previous study, different sources of ZEP gene were tested and CaZEP was
found to be most efficient one in terms of violaxanthin production with minimum
zeaxanthin [69]. Therefore, CaZEP was chosen for this study. The same study was also
showed that despite the high expression levels of CaCCSma, the synthesis of
capsanthin/capsorubin was very low [69]. CaCCS gene exhibits dual activity as lycopene-
B-cyclase and capsanthin/capsorubin synthase. A previous study has shown that linking
CaCCS with CaZEP increases the efficiency of CaCCS as capsanthin/capsorubin
synthase to produce capsanthin and/or capsorubin [75].

3.2.4 Electroporation of Overexpression Plasmids to Pseudomonas sp.

102515AcrtX

After the construction of overexpression plasmids pNArl7, pNArl8 and pNAr20,
the plasmids were transformed to Pseudomonas sp. 102515AcrtX by electroporation as
described in the method. Different amounts from each construct were transformed and
selection was done by Kan30 plates. Transformed colonies were subcultured into fresh
Kan30 plates and all of them were shown in Figure 3.22 . The color change from yellow

to orange was observed in subculturing plates for colonies of pNAr20 and pNAr18.
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Figure 3.22 Electroporation of overexpression plasmids to Pseudomonas sp.
102515AcrtX. A) Transformation of pNArl8, B) Transformation of pNArl7, C)
Subculturing of pNAr18 and pNArl17 transformants into a fresh plate, D) Transformation
of pNAr20, E) Subculturing of pNAr20 transformants into fresh plates.
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3.2.5 TLC Analysis for the Extracts of Overexpression Strains

Carotenoids were extracted from Pseudomonas sp. 102515AcrtX/pNArl8 and
Pseudomonas sp. 102515AcrtX/pNArl7 cultures after induction. Extracts were first
analyzed by TLC. In Figure 3.21A, astaxanthin producing Pseudomonas sp.
102515AcrtX/pNArl18 strain extracts were analyzed with negative control as
Pseudomonas sp. 102515AcrtX extract and zeaxanthin standard. There were yellow and
orange colonies that had grown to extract carotenoids. All cells exhibit different banding
patterns than negative controls, only yellow colonies were also yellow band that matches
with zeaxanthin. Further, Pseudomonas sp. 102515AcrtX/pNAr18 extract was analyzed
by TLC with positive control (astaxanthin standard) and negative controls (see Figure
3.21B). On the same TLC plate, Pseudomonas sp. 102515AcrtX/pNArl7 extract was
analyzed along with negative control as Pseudomonas sp. 102515AcrtX extract and
positive control E. coli BL21(DE3)/pAC-VIOL extract (Figure 3.21B). Additional bands
were observed for Pseudomonas sp. 102515AcrtX/pNArl7 extract.
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Figure 3.23 TLC analysis for overexpression strains Pseudomonas sp.
102515AcrtX/pNArl7 and Pseudomonas sp. 102515AcrtX/pNAr18. A) TLC for extract

from pNAr18 transformed cells with negative control, B) TLC for extracts from pNAr18
and pNAr17 transformed cells with positive and negative controls.

Pseudomonas sp. 102515AcrtX/pNArl7 extract was analyzed again with higher
amount of the sample (see Figure 3.24 A) and there were three bands observed that will

turn into green after a few hours (Figure 3.24 B), could be due to degradation of
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violaxanthin. One of the three bands was matching with the band from E. coli
BL21(DE3)/pAC-VIOL extract.

Extract from Pseudomonas sp. 102515AcrtX/pNAr20 strain has a reddish color and
analyzed by TLC with positive control (capsanthin standard) and negative control
Pseudomonas sp. 102515AcrtX extract in Figure 3.24 A. Several bands observed for
capsanthin standard since the purity of the standard >85% and some of bands were
matching with Pseudomonas sp. 102515AcrtX/pNAr20 extract. HPLC analysis is
required for both Pseudomonas sp. 102515AcrtX/pNArl8 and Pseudomonas sp.
102515AcrtX/pNAr20 extracts to confirm the synthesis of violaxanthin and

capsanthin/capsorubin certainly.
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Figure 3.24 TLC analysis for overexpression strains Pseudomonas sp.
102515AcrtX/pNArl7 and Pseudomonas sp. 102515AcrtX/pNAr20. A) TLC for extracts
from pNArl7 and pNAr20 transformed cells with negative control and positive controls,
B) TLC for extracts from pNArl7 with positive control after a few hours.

3.2.6 HPL.C Analysis for the Extracts of Overexpression Strains

Pseudomonas sp. 102515AcrtX/pNAr18 extract was analyzed by HPLC along with
the astaxanthin standard as positive control (Figure 3.25 ). Purity of astaxanthin standard
was observed high in both TLC and HPLC, only one peak eluted at 3.75 min. HPLC
analysis of Pseudomonas sp. 102515AcrtX/pNAri18 extract resulted in elution of 2 peaks,

one at 3.70 min and its UV profile was matching with astaxanthin standard with maxima
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point at 475 nm. The other peak was eluted with retention time of 9.29 min and UV profile
indicates that this peak was belonging to lycopene. Synthesis of astaxanthin from
Pseudomonas sp. 102515AcrtX/pNAri18 strain was confirmed by HPLC results. Extracts
from  Pseudomonas sp.  102515AcrtX/pNArl7 and  Pseudomonas  sp.
102515AcrtX/pNAr20 will be analyzed by HPLC to confirm the production of

violaxanthin and capsanthin/capsorubin.
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Figure 3.25 HPLC chromatograms and UV profiles of the peaks for the confirmation of
astaxanthin ~ production. ~A) Astaxanthin standard, B) Pseudomonas sp.
102515AcrtX/pNArl18 extract.
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Chapter 4

Conclusions and Future Prospects

4.1 Conclusions

Carotenoids are secondary metabolites synthesized mainly by photosynthetic
organisms such as plants, algae, and certain bacterial species. They are synthesized from
IPP and DMAPP through the catalysis of several enzymes and have a conjugated polyene
chain in their structure. The conjugated polyene chain provides carotenoids with
antioxidant activities to scavenge free radicals, ROS, and quench singlet oxygen. Since
animals and humans cannot synthesize carotenoids, they must obtain them through their
diet. Carotenoids exhibit various biological activities such as anticancer, neuroprotective,
anti-atherosclerotic due to primarily their antioxidant activity. Therefore, carotenoids are

beneficial to human health for both the prevention and treatment of various diseases.

In this thesis, we have focused on microbial biosynthesis of six different
carotenoids: lycopene, [-carotene, zeaxanthin, astaxanthin, violaxanthin and
capsanthin/capsorubin. For this purpose, the genome of an endophytic bacteria isolated
from the leaves of Taxus chinensis, identified as Pseudomonas sp. 102515, was
engineered by CRISPR-Cas9 technology and overexpression plasmids were introduced.
The synthesized carotenoids were extracted from engineered stains and analyzed by TLC

and HPLC analysis.

The biosynthesis of carotenoids occurs through different microorganisms
exhibiting unique advantages and disadvantages in their production capabilities. Mainly,
yeast, microalgae and bacteria species have been used for carotenoid production. These
microorganisms can be native producers for a carotenoid but also, genetic engineering
allows to introduce carotenogenic genes to biosynthesize various carotenoids from

different microorganisms including non-carotenoid producers. Since the cultivation of
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microorganisms is time and cost effective than plants, microbial biosynthesis has gained
attention for industrial scale production. However, required cultivation media for the
growth of microorganisms results in higher cost than chemical synthesis. At this point,
agro-industrial residues might be considered as an alternative to cultivation media to

reduce the cost due to their high nutrient potential [76].

In the literature, there are several studies for the biosynthesis of these carotenoids
from algae, yeast, and bacteria species [70,77-85]. Also, there are studies that uses
endophytic bacteria species for microbial synthesis of carotenoids [86-88]. However, this
Is the first study that focuses on microbial synthesis of six different carotenoids from one
specific endophytic bacterium by engineering its genome. In addition, capsanthin is a
unique carotenoid to red pepper and biosynthesis of capsanthin was achieved in only one
study with a low yield [69]. This study is promising for high yield capsanthin biosynthesis
due to the current findings, and it will be proven when capsanthin biosynthesis is

confirmed by HPLC analysis.

Zeaxanthin epoxidase (ZEP) is found in different organisms. Takemura et al.
investigated the efficiency of seven different ZEP in E. coli for the biosynthesis of
violaxanthin [70]. It has been found that ZEP from Capsicum annuum (CaZEP) shows
the highest conversion efficiency of zeaxanthin to antheraxanthin/violaxanthin. In
addition, findings of Furubayashi et al. in a different study were supported that CaZEP
exhibits higher conversion efficiency than Arabidopsis thaliana ZEP (AtZEP) [69]. It has
been also investigated that the truncated versions of CaZEP and AtZEP at similar points.
However, full length CaZEP resulted in the highest conversion efficiency compared to
AtZEP and truncated versions. Therefore, non-truncated full length CaZEP was used in
this study. Further, capsanthin/capsorubin synthase from C. annuum (CaCCS) was
investigated for capsanthin production in E. coli. Full length CaCCS showed lycopene p-
cyclase activity while 40 amino acids truncated CaCCSmao Was exhibiting high level of
expression and slight increase in capsanthin production when it was introduced with
CaZEP on the same plasmid. These findings provide a valuable insight into our study and
thus, CaZEP and CaCCSmao Were used to biosynthesize violaxanthin and capsanthin with

the same strategy.
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4.2 Societal Impact and Contribution to Global

Sustainability

In this study, biosynthesis of high value-added carotenoids was aimed via
engineered microorganisms. Mainly, zeaxanthin, lycopene, B-carotene, astaxanthin and
capsanthin/capsorubin have been biosynthesized successfully. Carotenoids have health
benefits due to their both antioxidant properties and provitamin A activities. Depending
on these biological activities, the biosynthesis of carotenoids supports the “Good Health
and Well-being” goal of the United Nations Sustainable Development Goals, as well as
the objectives outlined in sub-goals 3.3 and 3.4 with the potential of being effective in the
treatment and prevention of both infectious and non-infectious diseases. Microbial
biosynthesis of carotenoids creates an alternative for production of carotenoid-rich

products that can provide a healthier diet to humans and lowers the cost of healthcare.

Microbial biosynthesis is a biotechnological approach that will eliminate the
disadvantages of alternative methods such as extraction from plants and chemical
synthesis for carotenoid production. Besides, microbial biosynthesis offers
environmentally friendly procedures to produce carotenoids, unlike chemical synthesis,
by avoiding the use of harmful organic solvents. In addition, microbial biosynthesis of
carotenoids offers a more sustainable alternative compared to extraction from plants since
it requires less land and less use of water. Less land requirement allows the preservation
of natural habitat and biodiversity as well as supporting agriculture while less use of water

preserves our natural sources.

Also, it is a time-effective and lower-cost method compared to other methods. The
lower cost of carotenoid synthesis is important to produce carotenoid-rich products and
profit by their biological activities. In general, this thesis can contribute to the
advancement of biotechnology's sustainable practices, the enhancement of human health,
and the promotion of economic growth in a manner consistent with the objectives of

global sustainability.
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4.3 Future Prospects

In the study, the strains have been engineered by gene knockouts and introduction
of overexpression plasmids to produce certain carotenoids. Six different strains have been
engineered to synthesize zeaxanthin, lycopene, B-carotene, astaxanthin, violaxanthin and
capsanthin/capsorubin. Following this part of the project, the titers for each carotenoid
synthesized from the engineered strains will be determined and culture conditions will be
optimized to reach the maximum yield by these engineered strains. In addition,

bioreactors will be used to optimize yield at an industrial scale.

On the other hand, another plasmid is under construction which encodes for MVA
pathway. Since the MVA pathway provides the precursors (IPP and DMAPP) for
carotenoid synthesis, it is expected that the introduction of this plasmid will improve the
overall yield for all the strains. In addition, in the study conducted by Chen et al.,
glycosylated of astaxanthin biosynthesis from Yarrowia lipolytica was achieved by
introducing crtX gene to increase the water solubility, bioavailability and stability of
astaxanthin [89]. To investigate the biosynthesis of glycosylated astaxanthin from
Pseudomonas sp. 102515, pNAri18 has also been transformed into the wild type strain by
electroporation.
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APPENDIX

Additional Results
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Figure A.1 Agarose gel electrophoresis results for the construction of pJOE with
homologous arms of crtY gene. A) PCR amplification of upstream and downstream
homologous arms, B) Gel extraction results for amplified homologous arms, C)
Hybridization of homologous arm by OE PCR, D) Gel extraction results for hybridized
homologous arms.
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Figure A.2 Agarose gel electrophoresis results for the construction of pJOE with
homologous arms of crtZ gene. A) PCR amplification of upstream and downstream
homologous arms, B) Gel extraction results for amplified homologous arms, C)
Hybridization of homologous arm by OE PCR, D) Gel extraction results for hybridized
homologous arms.
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Figure A.3 Agarose gel electrophoresis results for the construction of pgRNAtet with
N20 sequence of crtZ gene (pNArl5). A) PCR amplification of fragment 2, B) Gel
extraction result for amplified fragment 2, C) PCR amplification of fragment 1, D) Gel
extraction result for amplified fragment 1, E) Confirmation of the construct by Spel

restriction digestion.
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Figure A.4 Electroporation of pNAr10 plasmid to Pseudomonas sp. 102515/pCas9. A)
and B) Selection of transformed cells after electroporation, C) and D) Subculturing of
transformants in fresh plates.

Figure A.5 Electroporation of pNAr9 plasmid to Pseudomonas sp. 102515/pCas9-
pPNAr10. A) and B) Selection of transformed cells after electroporation, C) and D)
Subculturing of transformants in fresh plates.
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E =
Figure A.6 Electroporation of pNAr14 plasmid to Pseudomonas sp. 102515/pCas9. A)

and B) Selection of transformed cells after electroporation, C) and D) Subculturing of
transformants in fresh plates.

Figure A.7 Electroporation of pNArl5 plasmid to Pseudomonas sp. 102515/pCas9-
pPNAr14, subculturing of transformants in a fresh plate.
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Figure A.8 Plasmid maps for pJOE constructs with hybridized homologous arms of target
gene, upstream annotated with orange and downstream annotated with green. A) pNAr7
for crtX, B) pNAr10 crtY, C) pNArl4 crtZ.

Figure A.9 Plasmid maps for pgRNAtet constructs with unique N20 sequence (annotated
orange) of target gene. A) pNATr8 for crtX, B) pNAr9 crtY, C) pNAri5 crtZ.

Figure A.10 Plasmid maps for CaZEP (annotated green) encoding constructs. A) pNAr16
with pJET1.2 backbone, B) pNAr17 with pMiS1 backbone.
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Figure A.11 Plasmid maps for crtW (annotated orange) encoding constructs. A) pNAr1l
with pJET1.2 backbone, B) pNAr18 with pMiS1 backbone.

HindIII

Figure A.12 Plasmid maps for CaCCS (annotated orange) encoding constructs. A)
pPNAr12 with pJET1.2 backbone, B) pNAr20 with pMiS1-CaZEP backbone.
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Figure A.16 Sequence alignment results for crtW gene with sequence 1 as sequencing

result from pNArl1l and sequence 2 as crtW gene, aligned regions are blue.
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Figure A.17 Sequence alignment results for CaCCS gene with sequence 1 as sequencing

result from pNArl12 and sequence 2 as CaCCS gene, aligned regions are blue.
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